Maintenance of Shape Memory Actuator Systems - Applications, Processes and Business Models  by Rathmann, Christian et al.
Available online at www.sciencedirect.com
2212-8271 © 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the International Scientific Committee of the 7th Industrial Product-Service Systems Conference - PSS, 
industry transformation for sustainability and business
doi: 10.1016/j.procir.2015.02.149 
 Procedia CIRP  30 ( 2015 )  84 – 89 
ScienceDirect
WK,QGXVWULDO3URGXFW6HUYLFH6\VWHPV&RQIHUHQFH366LQGXVWU\WUDQVIRUPDWLRQIRUVXVWDLQDELOLW\DQG
EXVLQHVV
0DLQWHQDQFHRI6KDSH0HPRU\$FWXDWRU6\VWHPV$SSOLFDWLRQV3URFHVVHV
DQG%XVLQHVV0RGHOV
&KULVWLDQ5DWKPDQQD7LPR5HPPHW]E'LHWHU.UHLPHLHUD
D&KDLURI3URGXFWLRQ6\VWHPV5XKU8QLYHUVLW\RI%RFKXP8QLYHUVLWlWVVWUDH%RFKXP*HUPDQ\
E5XKU8QLYHUVLW\RI%RFKXP8QLYHUVLWlWVVWUDH%RFKXP*HUPDQ\
&RUUHVSRQGLQJDXWKRU7HOID[(PDLODGGUHVVUDWKPDQQ#OSVUXKUXQLERFKXPGH
Abstract 
7RGD\SURGXFWVDUHPRUHDQGPRUHVXEVWLWXWDEOHGXHWRSURJUHVVLQLQIRUPDWLRQWHFKQRORJ\DVZHOODVJOREDOL]DWLRQ1HZFRPSHWLWRUVSDUWLFXODUO\
IURPGHYHORSLQJDQGHPHUJLQJFRXQWULHVDUHSXWWLQJHVWDEOLVKHGFRPSDQLHVXQGHUSUHVVXUHGXHWRORZHUSURGXFWLRQFRVWV,QFRQVHTXHQFHWKH
SULFHVDQGWKXVUHDOL]DEOHSURILWVIRUFRPSDQLHVDUHGHFUHDVLQJ)RFXVLQJRQWKHFXVWRPHUYDOXHFDQKHOSWREUHDNWKLVWUHQG ,QWKLVZD\WKH
SURGXFW XQGHUVWDQGLQJ LV FKDQJLQJ %HVLGHV RIIHULQJ SURGXFWV RIIHULQJ VHUYLFHV DQG FRPELQLQJ ERWK LV JHWWLQJ PRUH DQG PRUH LPSRUWDQW
+RZHYHU WKHSURGXFW UHTXLUHPHQWV DUHFKDQJLQJDQGPD\ UHTXLUHQHZ WHFKQRORJLHV)RU VPDOOWRPHGLXPVL]HGDFWXDWRUDSSOLFDWLRQVVKDSH
PHPRU\ DOOR\EDVHG DFWXDWRU V\VWHPV DUH DSURPLVLQJ WHFKQRORJ\ ,Q DGGLWLRQ WR WKH DGYDQWDJHV LQSK\VLFDO DQGPHFKDQLFDO SURSHUWLHV WKH
LQWHJUDWHGVHQVRUIXQFWLRQDOORZVDVLPSOHFRQGLWLRQPRQLWRULQJDQGWKXVHDV\PDLQWHQDQFHSURFHVVHV&RPSDQLHVFDQJHQHUDWHQHZYDOXHIRU
FXVWRPHUVDQGDUHWKHUHIRUHDEOHWRLPSURYHWKHLUFRPSHWLWLYHQHVV7KHFRQVHTXHQFHLVWKDWFRPSDQLHVDUHRIIHULQJQHZEXVLQHVVPRGHOV)RUWKLV
UHDVRQWKHVHDFWXDWRUVDUHLGHDOIRULQGXVWULDOSURGXFWVHUYLFHV\VWHPV7KLVSDSHULOOXVWUDWHVWKHPDLQWHQDQFHSURFHVVHVRIVKDSHPHPRU\EDVHG
DFWXDWRUV\VWHPVXVLQJWKHLQWHJUDWHGVHQVRUIXQFWLRQ%DVHGRQWKHVHPDLQWHQDQFHSURFHVVHVDQGVXLWDEOHEXVLQHVVPRGHOVDUHGHVLJQHGDVZHOO
DVDQDO\]HG$VDUHVXOWUHFRPPHQGDWLRQVIRUWKHVHDFWXDWRUV\VWHPVDUHSURYLGHG,WLVYLWDOWRLQWURGXFHWKHUHOHYDQWDUHDVOLNHVKDSHPHPRU\
DOOR\EDVHGDFWXDWRUV\VWHPVLQGXVWULDOSURGXFWVHUYLFHV\VWHPVPDLQWHQDQFHDQGEXVLQHVVPRGHOVLQWKHILHOGRIPHFKDQLFDOHQJLQHHULQJILUVW
7KH$XWKRUV3XEOLVKHGE\(OVHYLHU%9
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKH,QWHUQDWLRQDO6FLHQWLILF&RPPLWWHHRIWKH&RQIHUHQFHLVFRFKDLUHGE\3URI'DQLHO%ULVVDXG	3URI
;DYLHU%28&+(5
.H\ZRUGVEXVLQHVVPRGHOPDLQWHQDQFHSURGXFWVHUYLFHV\VWHPSURFHVVVKDSHPHPRU\DOOR\
1. Introduction 
,QWRGD\¶VLQGXVWU\SURGXFWVDUHHYDOXDWHGPRVWO\EDVHGRQ
WKHLU WHFKQLFDO SURSHUWLHV 7KHUHIRUH SURGXFWV DUH HDV\ WR
UHSODFHDQGWKXVGHFUHDVHWKHFRPSHWLWLYHQHVVLQWKHORQJUXQ
,Q WKLV FDVH FRPSHWLWLRQ IRFXVHV DOPRVW H[FOXVLYHO\ RQ FRVW
7KHFRPELQDWLRQRIJRRGVDQGVHUYLFHVDOORZVDGLIIHUHQWLDWLRQ
IURP FRPSHWLWLRQ 7KLV PDNHV LW SRVVLEOH WR UHGXFH WKH
LPSRUWDQFHRIFRVWDVFULWHULDIRUFRPSHWLWLRQ1HYHUWKHOHVVLW
PXVW EH WDNHQ LQWR DFFRXQW WKDW QHZ WHFKQRORJLHV PD\ EH
UHTXLUHGWRSURYLGH,366,QWKHILHOGRIVPDOOWRPHGLXPVL]HG
DFWXDWRU DSSOLFDWLRQV VKDSH PHPRU\ DOOR\ EDVHG DFWXDWRU
V\VWHPV DUH D SURPLVLQJ WHFKQRORJ\ WKDW DOORZ YHU\ VLPSOH
DFWXDWRUVHQVRUV\VWHPVE\ZKLFKFRPSDQLHVDUHDEOHWRRIIHU
,366 %HVLGHV DGYDQWDJHRXV SK\VLFDO DQG PHFKDQLFDO
SURSHUWLHV RI VKDSH PHPRU\ DOOR\V 60$V SUHYLRXV ZRUNV
KDYH DOUHDG\ VKRZQ WKDW 60$V KDYH KLJK SRWHQWLDO IRU
VHUYLFHV>@7KH LQWHJUDWHGVHQVRUIXQFWLRQRUVHOIVHQVLQJRI
VKDSHPHPRU\DOOR\EDVHGDFWXDWRUV\VWHPV60$$6VDOORZV
D VWDWHPHQW DERXW SURSHU IXQFWLRQLQJ >@ DQG LV FDSDEOH WR
SURYLGH D FRQGLWLRQ PRQLWRULQJ RI WKH DFWXDWRU V\VWHP >@
5HJDUGOHVVLQYHVWLJDWLRQVRQ60$VPDLQO\IRFXVRQPDWHULDO
PHFKDQLFDO DQG FRQWURO DVSHFWV$QHYDOXDWLRQRI WKH VHUYLFH
SRWHQWLDOEDVHGRQWKHPDWHULDOSURSHUWLHVRI60$VLVPLVVLQJ
DVZHOODVLQYHVWLJDWLRQRISURSHUSURFHVVHVDQGGLVFXVVLRQRI
WKHVH 7KHUHIRUH WKH SXUSRVH RI WKLV SDSHU LV WR GHYHORS
PDLQWHQDQFH SURFHVVHV ZKLFK WDNH LQWR DFFRXQW WKH VSHFLILF
IHDWXUHV RI 60$V $GGLWLRQDOO\ SURSHU EXVLQHVV PRGHOV DUH
GLVFXVVHGZKLFKXVHWKHVHPDLQWHQDQFHSURFHVVHV
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7KH SDSHU LV RUJDQL]HG DV IROORZV 6HFWLRQ  JLYHV DQ
RYHUYLHZRQWKHDSSOLFDWLRQRI60$$6VGLVFXVVHVLQGXVWULDO
SURGXFWVHUYLFH V\VWHPV ,366 IURP D OLWHUDWXUH SHUVSHFWLYH
'XHWRLWVUHOHYDQFHIRU,366DQRYHUYLHZRIPDLQWHQDQFHLV
JLYHQ)LQDOO\GLIIHUHQWW\SHVRIEXVLQHVVPRGHOVLQWKHILHOGRI
PHFKDQLFDO HQJLQHHULQJ DUH SUHVHQWHG ,Q VHFWLRQ 
PDLQWHQDQFH SURFHVVHV RI 60$$6 DUH LOOXVWUDWHG ZLWK WKH
GLVWLQFWLRQEHWZHHQDIXQFWLRQDODQGDYDLODELOLW\RULHQWHGXVDJH
RI WKHVH DFWXDWRU V\VWHPV 6HFWLRQ  IRFXVHV RQ WKH UHVXOWLQJ
EXVLQHVVPRGHOVIRU60$$6ZKLFKFDQEHGHULYHGIURPWKH
PDLQWHQDQFHSURFHVVHV ,Q VHFWLRQ WKH UHFRPPHQGDWLRQ IRU
FRPSDQLHV LQ WKH FRQWH[W RI 60$$6 DUH GLVFXVVHG )LQDOO\
VHFWLRQGUDZVDFRQFOXVLRQDQGSURYLGHVDQRXWORRN

Nomenclature 
%0  %XVLQHVVPRGHO
&50  &XVWRPHUUHODWLRQVKLSPDQDJHPHQW
,366  ,QGXVWULDOSURGXFWVHUYLFHV\VWHP
.$0  .H\DFFRXQWPDQDJHPHQW
3/0  3URGXFWOLIHF\FOHPDQDJHPHQW
60$  6KDSHPHPRU\DOOR\
60$$6 6KDSHPHPRU\DOOR\EDVHGDFWXDWRUV\VWHP
 $SSOLFDWLRQRIVKDSHPHPRU\DOOR\EDVHGDFWXDWRU
V\VWHPV
1HZPDWHULDOV VXFK DV VPDUW PDWHULDOV HQDEOH LQQRYDWLYH
VROXWLRQVIRUYDULRXVDSSOLFDWLRQV1RWHZRUWK\LQWKLVILHOGDUH
60$ 60$V KDYH WKH DVWRQLVKLQJ DELOLW\ WR UHPHPEHU WKHLU
RULJLQDOVKDSHKDYHDQDFWXDWRUIXQFWLRQDQGFDQVKRZVXSHU
HODVWLFEHKDYLRU7KH\DUHFKDUDFWHUL]HGE\KLJKGLVSODFHPHQW
DQG IRUFHV KLJK FRUURVLRQ UHVLVWDQFH DQG JRRG
ELRFRPSDWLELOLW\ >  @ )XUWKHUPRUH 60$V KDYH DQ
LQWHJUDWHGVHQVRUIXQFWLRQRUVHOIVHQVLQJIXQFWLRQZKLFKFDQ
EH XVHG IRU WKH FRQWURO RI SXUSRVHV >@ 5HJDUGLQJ WKH
SRVLWLRQLQJRI60$DFWXDWRUVYDULRXVVWXGLHVSURYHWKLVDELOLW\
>@$GGLWLRQDOO\&]HFKRZLF]>@FRQFOXGHVWKDWE\
PHDVXULQJWKHUHVLVWDQFHRIWKHPDWHULDOPRQLWRULQJRIIDWLJXH
LV SRVVLEOH 2QH LPSRUWDQW IHDWXUH RI 60$ FRPSDUHG WR
FRQYHQWLRQDOPDWHULDOVLVPRQLWRULQJRIIDWLJXHDQGPRQLWRULQJ
RIIXQFWLRQDOLW\E\PHDVXULQJWKHGLVSODFHPHQW%\PHDVXULQJ
UHVLVWDQFHFRQFOXVLRQVDERXWPDWHULDOFRQGLWLRQDQGPDWHULDO
KLVWRU\ DV ZHOO DV GLVSODFHPHQW FDQ EH PDGH 7KXV
FRXQWHUPHDVXUHVFDQEHWDNHQLIWKHUHVLVWDQFHGHFUHDVHVEHORZ
D FHUWDLQ YDOXH DQG SRVVLEOH EUHDNGRZQV RI WKH V\VWHP
SUHYHQWHG
'XHWRWKHVSHFLDOVHQVRUSURSHUWLHVRI60$VWKHUHLVDKLJK
SRWHQWLDO IRU D VLPSOLILHG PDLQWHQDQFH RI WKHVH DFWXDWRUV RU
UDWKHUDIXQFWLRQHQVXUHGE\WKHVHDFWXDWRUV7KLVFDQDOVRKHOS
WRUHGXFHWKHFRPSOH[LW\RIWHFKQLFDOVROXWLRQV
60$$6VDUHPHFKDWURQLFDFWXDWRUV\VWHPVZKLFK LQ WKH
VLPSOHVW FDVH DUH FRPSRVHG RQO\ RI D 60$$FWXDWRU:KHQ
UHTXLUHPHQWVIRUFRQWUROH[LVWDERDUGLVDGGHG,ILQIRUPDWLRQ
DERXW IDWLJXH DQG IXQFWLRQDOLW\ DUH PRQLWRUHG EDVHG RQ WKH
VHQVRU FKDUDFWHULVWLFV WKH ERDUG LV UHSODFHG E\ D
PLFURFRQWUROOHU7KLVKDVLQWHUIDFHVIRULQIRUPDWLRQSURFHVVLQJ
VXFK DV(WKHUQHW RU EXV LQWHUIDFH7KHQ VRIWZDUH LV XVHG IRU
LQIRUPDWLRQSURFHVVLQJDQGHYDOXDWLRQDVODVWSDUWRID60$
$6
)RU WKLV UHDVRQ60$VDUH LQWHUHVWLQJ IRUDZLGH UDQJHRI
DSSOLFDWLRQV HVSHFLDOO\ YDOYHV ORFNLQJ DQG XQORFNLQJ
PHFKDQLVPV RU YLEUDWLRQ GDPSLQJ DSSOLFDWLRQV > @
$GGLWLRQDOO\ LI WKH NQRZOHGJH RI WKH VWDWH RI DQ DFWXDWRU LV
UHOHYDQW DV ZHOO DV WKH FRPSOH[LW\ DQG FRPSDFWQHVV RI WKH
DFWXDWRUV\VWHPLVFULWLFDOWKHXVHRI60$VLVSURPLVLQJDOPRVW
LQGXVWU\ LQGHSHQGHQW )LJXUH  LOOXVWUDWHV WKH ZLGH UDQJH RI
DFWXDWRUDSSOLFDWLRQVUDQJLQJIURPELRPHGLFDODSSOLFDWLRQVWR
WHOHFRPPXQLFDWLRQ

 ,QGXVWULDOSURGXFWVHUYLFHV\VWHPV
,QOLWHUDWXUHWKHUHDUHYDULRXVWHUPVIRU,366OLNHH[WHQGHG
SURGXFWV SURGXFWVHUYLFH V\VWHP VHUYLFH HQJLQHHULQJZKLFK
DUHDOOYHU\VLPLODU>@5HVHHWDO>@VWDWHWKDW,366LQWHJUDWH
SURGXFWVDQGVHUYLFHVZLWKWKHJRDOWRFUHDWHYDOXHEH\RQGWKH
YDOXH RI D VLQJOH SURGXFW )XUWKHUPRUH WKHLU LQWHJUDWHG DQG
PXWXDOO\GHSHQGHQWSURFHVVRISODQQLQJGHYHORSLQJDVZHOODV
GHOLYHULQJJRRGVDQGVHUYLFHVLVDXQLTXHIHDWXUHRI,3667KLV
DSSOLHVWRWKHHQWLUH,366OLIHF\FOH7RRIIHU,366LWLVRIYLWDO
LPSRUWDQFHWRLQFOXGHWKHFXVWRPHU
&RPSDQLHV RIWHQ OLPLW WKHPVHOYHV WR SURGXFWV DQG UDUHO\
FRQVLGHU WKH SRWHQWLDO RI VHUYLFHV $FFRUGLQJ WR 0HLHU DQG
8KOPDQQ >@ VHUYLFH SRWHQWLDOV LQ WKH ILHOG RI PHFKDQLFDO
HQJLQHHULQJ DUH DPRQJ RWKHUV ILQDQFLQJ WUDLQLQJ
FHUWLILFDWLRQTXDOLW\DVVXUDQFHVLPXODWLRQDQGDYDLODELOLW\DV
ZHOODVPDLQWHQDQFH

 0DLQWHQDQFH
7KHKLJKLPSRUWDQFHRIPDLQWHQDQFHIRUFRPSDQLHVFDQEH
LOOXVWUDWHGE\WKHLUDYHUDJHDQQXDOH[SHQVH%DVHGRQDVWXG\
RI WKH 9'0$ >@ WKH DYHUDJH H[SHQVH IRUPDLQWHQDQFH LV
DERXWSHUFHQWRI WKH UHSODFHPHQWFRVWVRIDQ LQYHVWPHQW
ZKLFKUHSUHVHQWVRYHUDOLIHWLPHRI\HDUVWKHYDOXHIRUWKH
PDFKLQHLQYHVWPHQW
0DLQWHQDQFH LV GHILQHG DV D FRPELQDWLRQ RI DOO WHFKQLFDO
DGPLQLVWUDWLYHDQGPDQDJHULDODFWLRQVGXULQJWKHOLIHF\FOHRI
DQLWHPLQWHQGHGWRUHWDLQLWLQRUUHVWRUHLWWRDVWDWHLQZKLFK
)LJXUH$SSOLFDWLRQVRIVKDSHPHPRU\DOOR\EDVHGDFWXDWRUV
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LW FDQ SHUIRUP WKH UHTXLUHG IXQFWLRQ >@ 7KH JRDOV RI
PDLQWHQDQFHDUHWRHQVXUHWKHDYDLODELOLW\VDIHW\LPSDFWRQWKH
HQYLURQPHQWDQGWRXSKROGWKHGXUDELOLW\RIWKHLWHPWRIXQFWLRQ
DW ORZHVW FRVWV >@ )LJXUH  LOOXVWUDWHV WKH FRPSRQHQWV RI
PDLQWHQDQFHDFFRUGLQJWR',1>@

 %XVLQHVVPRGHOVLQWKHILHOGRILQGXVWULDOSURGXFWVHUYLFH
V\VWHPV
)RU WKH ODWHU GLVFXVVLRQ RI DSSURSULDWH FKDUDFWHULVWLFV RI
EXVLQHVV PRGHOV IRU WKH SUHVHQWHG PDLQWHQDQFH FRQFHSWV RI
VKDSHPHPRU\DOOR\EDVHGDFWXDWRU V\VWHPV 60$$6 LW LV
QHFHVVDU\WREULHIO\LQWURGXFHWKHUHOHYDQWWHUPV
7KHUH LV QR JHQHUDOO\ DSSOLFDEOH GHILQLWLRQ RI WKH WHUP
EXVLQHVVPRGHO%0LQDFDGHPLFVRUEXVLQHVV>@:LWKLQ
D%0WKHIRFXVLVRQWKHFXVWRPHUDVWKHFRPSDQ\DQGWKHLU
EXVLQHVV SDUWQHUV FUHDWH WKH FXVWRPHU YDOXH ZKLFK OHDG WR
VXIILFLHQW UHYHQXHV %HVLGHV WKDW %0V DOORZ FRPSDQLHV WR
GLIIHUHQWLDWH WKHPVHOYHV IURP WKHLU FRPSHWLWLRQ DQG WR FUHDWH
FRPSHWLWLYHDGYDQWDJHV>@7KHNH\HOHPHQWVRID%0DUHDV
IROORZV>@
 9DOXHSURSRVLWLRQFRYHUVWKHYDOXHGHOLYHUHGWRWKH
FXVWRPHU
 7KH$UFKLWHFWXUHRIYDOXHFDSWXUHVLQIRUPDWLRQDERXWWKH
VROXWLRQ7KHYDOXHDUFKLWHFWXUHFDQEHDSURGXFWDVHUYLFH
RUDFRPELQDWLRQRIERWK
 &XVWRPHUGHVFULEHVIHDWXUHVDERXWWKHFXVWRPHUOLNHWKH
JHRJUDSKLFVFRSHRUFKDUDFWHULVWLFVHJWKHDUHDRI
EXVLQHVVSXUFKDVLQJSRZHUHWF
 5HYHQXHPRGHOUHIHUVWRWKHW\SHVRIUHYHQXHVJDLQHG7KH
UHYHQXHVWUHDPFDQEHEDVHGRQWKHRUGHUEDVHGRQWKH
DYDLODELOLW\RUEDVHGRQWKHUHVXOW
%XVLQHVV PRGHOV IRU SURGXFWV RU VHUYLFHV DUH SURGXFW
RULHQWHG ,Q WKLV %0 WKH FXVWRPHU EX\V D SURGXFW IURP WKH
SURYLGHU 7KH FXVWRPHU LV UHVSRQVLEOH IRU RSHUDWLRQ DQG
HYHU\WKLQJHOVHOLNHPDLQWHQDQFH7KHUHYHQXHVWUHDPLVEDVHG
RQWKHRUGHUZKLFKLVLQLWLDWHGE\WKHFXVWRPHU
,QWKHILHOGRI,366EXVLQHVVPRGHOVDUHW\SLFDOO\IXQFWLRQ
RULHQWHGDYDLODELOLW\RULHQWHGRUUHVXOWRULHQWHG,QDIXQFWLRQ
RULHQWHG%0WKH,366SURYLGHUSHUIRUPVPDLQWHQDQFHRQWKH
FXVWRPHU¶V UHTXHVW 7KH ORJLFDO GHYHORSPHQW LV WKH UHVXOW
RULHQWHG%0,QWKLVWKHSURYLGHULVIXOO\UHVSRQVLEOH
7KH UHVSRQVLELOLW\ IRU RSHUDWLRQ FKDQJHV PRUH DQG PRUH
IURPWKHFXVWRPHU WR WKH,366SURYLGHU ,QFRQVHTXHQFH WKH
RUJDQL]DWLRQDOFKDOOHQJHVLQFUHDVHIRUWKHSURYLGHU7KLVJRHV
KDQGLQKDQGZLWKFKDQJHLQWKHUHYHQXHPRGHO7KHUHYHQXH
FRYHUWV IURP WUDQVDFWLRQGHSHQGHQWRQHV LQFDVHRI IXQFWLRQ
RULHQWHG %0 WR WUDQVDFWLRQ LQGHSHQGHQW RQHV LQ FDVH RI
DYDLODELOLW\RUUHVXOWRULHQWHG%0)LJXUHVXPVXSWKHPDLQ
FKDUDFWHULVWLFV RI SURGXFWV VHUYLFHV DQG LQGXVWULDO SURGXFW
VHUYLFHVV\VWHPVUHJDUGLQJEXVLQHVVPRGHOVDQGWKHUHVSHFWLYH
UHYHQXHVWUHDP

'HSHQGLQJRQWKHIRFXVWKHUHDUHRWKHULPSRUWDQWHOHPHQWV
)RUDODWHUGLVFXVVLRQWKHVWUDWHJ\FRQWUDFWULVNDQGQHWZRUN
SOD\ D PDMRU UROH )RU WKH ODWWHU WKH W\SHV RI RSWLPL]DWLRQ
QHWZRUN SURMHFW QHWZRUN HYROXWLRQ QHWZRUN DQG IXVLRQ DUH
XVHG>@
2. Maintenance processes for SMA actuator systems 
/LNH DOO WHFKQLFDO SURGXFWV 60$$6 QHHG PDLQWHQDQFH
VRPHKRZ1RUPDOO\VPDOODFWXDWRUV\VWHPVDUHQRWFRQGLWLRQ
PRQLWRUHG EHFDXVH WKH FRVWV RI WKHVH FRPSRQHQWV DUH LQ QR
UHODWLRQWRWKHYDOXHRIWKHDFWXDWRUV\VWHP7KURXJKWKHVHQVRU
FKDUDFWHULVWLFV60$$6FDQVXEVWLWXWHFRQYHQWLRQDODFWXDWRU
V\VWHPV EHFDXVH RI WKHLU VLPSOH VWUXFWXUH &RQGLWLRQ
PRQLWRULQJLVQRZSRVVLEOHIRUDYDULHW\RIDSSOLFDWLRQVZKHUH
WKHWHFKQLFDOUHTXLUHPHQWVRIWKHDSSOLFDWLRQDUHLQOLQHZLWKWKH
FKDUDFWHULVWLFV RI 60$V 7KLV DOORZV DYDLODELOLW\ RU UHVXOW
RULHQWHG ,366 HYHQ IRU VLPSOH V\VWHPV $Q 60$$6 ZLWK
FRQGLWLRQ PRQLWRULQJ IHDWXUH FRQVLVWV RI WKH DFWXDWRU
HOHFWURQLFVOLNHDPLFURFRQWUROOHUGDWDDERXW WKHFRQGLWLRQRI
WKH V\VWHP D GDWD LQWHUIDFH IRU H[FKDQJLQJ LQIRUPDWLRQ DQG
SURSHUVRIWZDUH
7KHDLPLVWRFUHDWHDPDLQWHQDQFHFRQFHSWIRU60$$6LQ
ZD\ WR HQVXUH WKH IXQFWLRQSURYLGHGE\ WKH60$$6DQG WR
PLQLPL]HEUHDNGRZQ ,Q ILJXUH WZRPDLQWHQDQFH FRQFHSWV
IRU60$$6DUHSUHVHQWHG7KHOHIWRQHLVDIXQFWLRQRULHQWHG
DSSURDFKDJDLQVWZKLFKWKHULJKWRQHLVWKHDYDLODELOLW\RULHQWHG
DSSURDFK )RU ERWK DOO FRPSRQHQWV KDYH WR EH FRQILJXUHG
DSSURSULDWHO\VRWKDWWKHFRQGLWLRQPRQLWRULQJZRUNV)LUVWWKH
IXQFWLRQRULHQWHG PDLQWHQDQFH DSSURDFK OHIW LV GHVFULEHG
$IWHUWKH60$$6SURYLGHUKDVPDGHWKHV\VWHPUHDG\WRXVH
IRUWKHFXVWRPHUWKHFXVWRPHULVUHVSRQVLEOHIRUWKHRSHUDWLRQ
7KH 60$$6 E\ LWVHOI PHDVXUHV WKH UHVLVWDQFH DW HYHU\
DFWLYDWLRQ7KHPHDVXUHGUHVLVWDQFHLVVDYHGDQGFRPSDUHGWR
WKHODVWWZRUHVLVWDQFHV7KHFULWLFDOLQGLFDWRUIRUDEUHDNGRZQ
RI DQ 60$$6 LV WKH FKDQJH LQ UHVLVWDQFH EHKDYLRU ,I WKH
UHVLVWDQFH EHKDYLRU FKDQJHV IURP OLQHDU WR D QRQOLQHDU
)LJXUH&KDUDFWHULVWLFRISURGXFWVVHUYLFHVDQGLQGXVWULDOSURGXFWVHUYLFH
V\VWHPVUHJDUGLQJUHYHQXHPRGHO>@
)LJXUH&RPSRQHQWVRIPDLQWHQDQFH>@
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EHKDYLRUWKHEUHDNGRZQRIWKHV\VWHPZLOOKDSSHQLQOHVVWKDQ
DFWLYDWLRQVDVWKHH[SHULPHQWVKDYHLQGLFDWHG+RZHYHU
WKLVLVHQRXJKWRUHDFW$QDFRXVWLFDORUYLVXDOOLJKWVLJQDOZLOO
ZDUQWKHFXVWRPHU7KHFXVWRPHUKDVWRFRQWDFWWKH60$$6
SURYLGHUWRDUUDQJHDPDLQWHQDQFHDSSRLQWPHQW7KH60$$6
SURYLGHU KDV WR SODQ WKH UHTXLUHG PDWHULDO DQG SHUVRQQHO
UHVRXUFHV$WWKHDSSRLQWPHQWWKHVHUYLFHVWDIIRIWKH60$$6
SURYLGHUZLOOUHSODFHWKH60$$6'XHWRWKHVHQVLWLYLW\RIWKH
60$VFDOLEUDWLQJWKH60$$6VRIWZDUHLVQHHGHG)LQDOO\D
WHVWUXQLVSHUIRUPHG$QHZPDLQWHQDQFHZLOORQO\EHWULJJHUHG
DJDLQDVVRRQDVWKHUHVLVWDQFHEHKDYLRUKDVFKDQJHG
7KHDYDLODELOLW\RULHQWHGPDLQWHQDQFHDSSURDFK ULJKW LV
EDVHG RQ WKH VDPH WHFKQLFDO V\VWHP 7R FOHDUO\ LOOXVWUDWH
FKDQJHVWKHVHDUHPDUNHGLQEOXHGDVKHGOLQHV
'XHWRWKHFKDQJHLQUHVSRQVLELOLWLHVIURPWKHFXVWRPHUWR
WKH 60$$6SURYLGHU IRU RSHUDWLRQ DXWRPDWHG HPDLO DQG D
FRQQHFWLRQZLWK UHPRWHPRQLWRULQJDW WKH60$$6SURYLGHU
KDVWREHVHWXS7KHHPDLOLVODWHUXVHGWRVHQGWKHZDUQLQJWR
WKH60$$6SURYLGHU7KHUHPRWHPRQLWRULQJLVLPSRUWDQWWR
VWDWH LQIRUPDWLRQ RQ WKH 60$$6 DW DQ\ WLPH :KHQ WKH
UHVLVWDQFHEHKDYLRUFKDQJHVDQDXWRPDWHGHPDLOLVJHQHUDWHG
DQGVHQWWRWKH60$$6SURYLGHU7KH60$$6SURYLGHUZLOO
FRQWDFW WKH FXVWRPHU DQG DUUDQJH DQ DSSRLQWPHQW SODQ WKH
UHTXLUHGUHVRXUFHVDQGPDLQWDLQWKH60$$6
$OWHUQDWLYHO\WKHUHLVWKHSRVVLELOLW\WRUHJHQHUDWHDQ60$
$6 ZLWKRXW UHSODFLQJ WKH 60$ DFWXDWRU ,Q WKLV FDVH WKH
ZDUQLQJ LV VHQW WR WKH UHPRWHPRQLWRULQJZKLFK LQLWLDWHV WKH
UHJHQHUDWLRQRI60$$6$IWHUWKHUHJHQHUDWLRQWKH60$$6
RSHUDWHV ZKLOH PHDVXULQJ WKH UHVLVWDQFH 7KH UHVLVWDQFH LV
FRPSDUHGDQGLQFDVHWKHUHVLVWDQFHEHKDYLRULVQRWVXIILFLHQW
GLUHFWO\ DIWHU WKH UHJHQHUDWLRQ WKH DXWRPDWHG HPDLO LQLWLDWHV
PDLQWHQDQFHZLWKUHSODFHPHQW
$OWKRXJK WKLV DSSURDFK LV SURPLVLQJ WKHUH LV VWLOO D
FRQVLGHUDEOH QHHG IRU UHVHDUFK ,WPXVW EH LQYHVWLJDWHGZKDW
HIIHFWVFDQEHUHDOL]HGDQGZKDWDGMXVWPHQWVDUHUHTXLUHGWRWKH
V\VWHPDVDZKROHLQRUGHUWRGRWKHDERYH,WLVDQWLFLSDWHGWKDW
UHJHQHUDWLRQ FDQQRW EH UHSHDWHG HQGOHVVO\ DQG WKH DFWXDWRU
V\VWHPVWLOOQHHGVWREHUHSODFHGDWVRPHSRLQW+RZHYHUWKH
PDLQWHQDQFHLQWHUYDOFRXOGEHH[WHQGHG
3. Components of business models for shape memory 
actuator systems 
)LJXUHVXPVXSFRPSRQHQWVIRUGLIIHUHQWEXVLQHVVPRGHOV
RI60$$6WKDWDUHSRVVLEOHWKURXJKWKHXVHRIVHOIVHQVLQJ
7KHNH\HOHPHQWVRID%0DUHPDUNHGLQEODFNVHHDOVRVHFWLRQ
)LJXUH&RPSRQHQWVRIEXVLQHVVPRGHOVIRUVKDSHPHPRU\DOOR\EDVHGDFWXDWRUV\VWHPV
)LJXUH0DLQWHQDQFHFRQFHSWVIRU60$$6
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RWKHUHOHPHQWVDUHKLJKOLJKWHGLQJUH\7KHOLQHVLQ)LJXUH
LOOXVWUDWHWKHPRVWIDYRUDEOHDWWULEXWHVRIWKHEXVLQHVVPRGHOV
)LUVW WKHUH LV WKH WUDGLWLRQDO SURGXFWRULHQWHG EXVLQHVV
PRGHO7KHYDOXHIRUWKHFXVWRPHULVJHQHUDWHGE\RIIHULQJD
WHFKQLFDO VROXWLRQ ZLWK DGYDQWDJHRXV SURSHUWLHV ZKLFK LV
FDSDEOH RI XVLQJ FRQGLWLRQPRQLWRULQJ7R XVH WKH FRQGLWLRQ
PRQLWRULQJ WKHFXVWRPHUKDVWRVHWXSWKHSURJUDPVRIWZDUH
DQGSURFHVVE\KLPVHOI7KHVWUDWHJLFVFRSHLVFRVWOHDGHUVKLS
GXH WR OLPLWHG YDOXH EH\RQG WKH WHFKQLFDO SURGXFW $Q
LQWHUQDWLRQDO PDUNHW LV HVVHQWLDO WR UHDFK KLJK YROXPHV $
QHWZRUNLVQRWDSSOLFDEOHEHFDXVHRIOLPLWHGYDOXHDGGHG
3DUWLFXODUO\ LQWHUHVWLQJ IRU60$$6DUH IXQFWLRQRULHQWHG
RUDYDLODELOLW\RULHQWHGEXVLQHVVPRGHOV,QDIXQFWLRQRULHQWHG
EXVLQHVVPRGHOWKHYDOXHLVJHQHUDWHGE\DORZGRZQWLPHRIWKH
60$$6E\XVLQJFRQGLWLRQPRQLWRULQJ7KHFXVWRPHUFORVHV
ZKHQSXUFKDVLQJDVHUYLFHFRQWUDFW1HYHUWKHOHVVUHYHQXHVDUH
VWLOO WUDQVDFWLRQEDVHGEHFDXVH WKH FXVWRPHU KDV WRRUGHU WKH
VHUYLFH7KHVWUDWHJLFVFRSHRIWKLV%0LVGLIIHUHQWLDWLRQ$NH\
DFFRXQWPDQDJHULVQRWUHTXLUHGGXHWRDODFNRIVWDQGDUGL]DWLRQ
RI60$$6EXWFDQPDNHVHQVHIRUWKH60$$6SURYLGHUWR
LQFUHDVHFXVWRPHUOR\DOW\HYHQPRUH&RQWUDFWW\SHVFDQUDQJH
IURP OHDVLQJ WR VHUYLFH FRQWUDFW RU UHQWDO RU PDLQWHQDQFH
FRQWUDFWGHSHQGLQJRQWKHQHHGVRIWKHFXVWRPHU
,Q DQ DYDLODELOLW\RULHQWHG EXVLQHVV PRGHO YDOXH LV
JHQHUDWHG E\ JXDUDQWHHLQJ D GHWHUPLQHG DYDLODELOLW\ IRU WKH
FXVWRPHUZKLFKPLQLPL]HVKLVULVNDQGDOORZVWKHRXWVRXUFLQJ
RISURFHVVHV,QFRQWUDVWWRWKHSUHYLRXV%0UHYHQXHVFDQEH
LQGHSHQGHQWIURPWKHWUDQVDFWLRQEDVHGRQDYDLODELOLW\ZKLFK
OHDGVWRDPRUHVWDEOHFDVKIORZ)RUWKLV%0LWLVYLWDOWRKDYH
DNH\DFFRXQWZKLFKLVUHVSRQVLEOHIRUWKHFRPPXQLFDWLRQZLWK
WKHFXVWRPHU7KHULVNLVERUQHDOPRVWH[FOXVLYHO\E\WKH60$
$6SURYLGHU&RQWUDFWW\SHVDUHUDQJLQJIURPVHUYLFHFRQWUDFW
WR UHQWDO RU PDLQWHQDQFH FRQWUDFW DV ZHOO DV RSHUDWLQJ
DJUHHPHQW GHSHQGLQJ RQ WKH UHTXHVWHG RZQHUVKLS E\ WKH
FXVWRPHU
)LQDOO\DUHVXOWRULHQWHGEXVLQHVVPRGHOLVSRVVLEOH,QWKLV
PRGHOWKHSURFHVVHVDQGULVNDUHWRWDOO\RXWVRXUFHG5HYHQXH
LVEDVHGRQUHVXOWRUDFWLYDWLRQ7KHUHVXOWRULHQWHG%0LVHTXDO
WR DQ RSHUDWLRQ PRGHO ZKLFK LV ILQDQFHG RQ D SD\SHU
SURGXFWLRQ EDVLV >@ 7KLV %0 KDV D KXJH SRWHQWLDO LQ WKH
SURGXFWLRQHQYLURQPHQW
1HYHUWKHOHVV WKH LPSRUWDQFH RI UHVXOWRULHQWHG EXVLQHVV
PRGHOLVORZEHFDXVHLWLVDOPRVWH[FOXVLYHO\DVXEFRPSRQHQW
ZKLFK FDQ SURYLGH D IXQFWLRQ OLNH WKHUPDO FRQWURO RI
FRPSRQHQWV7KHUHIRUHZLWK60$$6DORQHQRUHVXOWRULHQWHG
%0DUHSRVVLEOH,QDUHVXOWRULHQWHG%060$$6VDUHRQO\
VXEFRPSRQHQW+RZHYHU60$$6FDQEHSDUWRIDFRPSOH[
V\VWHP OLNH D SURGXFWLRQ OLQH DQG WKHQ EH SDUW RI D UHVXOW
RULHQWHG%0$UHVXOWRULHQWHGEXVLQHVVPRGHOEDVHGRQ60$
$6VLVGLVFXVVHGLQ>@
4. Recommendation for companies 
%HFDXVHRIWKHSUHVHQWHG%0VDQGFXUUHQWPDUNHWVWUXFWXUH
LQ WKH ILHOG RI 60$V DQG PHFKDQLFDO HQJLQHHULQJ VRPH
UHFRPPHQGDWLRQVVKDOOEHPDGH7KH\FDQEHVXEGLYLGHGLQWR
WHFKQRORJ\ VWUDWHJLF YDOXH DGGHG QHWZRUN NH\ DFFRXQW
PDQDJHPHQW .$0 FXVWRPHU UHODWLRQVKLS PDQDJHPHQW
&50SURGXFWOLIHF\FOHPDQDJHPHQWV\VWHP3/06\VWHP
FRQWUDFWVDQGFKDQJHVLQPDUNHWLQJDSSURDFKHV
1RZDGD\VDSSOLFDWLRQVRI60$$6DUHDOPRVWH[FOXVLYHO\
LQQLFKHZLWKVPDOOYROXPH7KHUHIRUHFRPSRQHQWVRI60$
$6VDUHRQO\OLPLWHGRIIHUHGE\FRPSDQLHVDQGWKXVDYDLODEOH
$V D UHVXOW LQWHJUDWLRQ RI WKHVH FRPSRQHQWV OLNH VRIWZDUH
KDUGZDUH HVSHFLDOO\ WKH PLFURFRQWUROOHU DQG WKH UHOHYDQW
LQWHUIDFHV KDYH WR EH FDUULHG RXW E\ WKH XVHUV 5HJDUGOHVV
LQWHJUDWLRQLVFULWLFDOWRDGGYDOXHIRUWKHFXVWRPHUDQGEHDEOH
WRVXFFHVVIXOO\RIIHU,366EDVHGRQ60$$6
7KHODFNRIVWDQGDUGL]DWLRQLQWKHILHOGRI60$VUHJDUGLQJ
PDWHULDOVWDQGDUGVGHYHORSPHQWJXLGHOLQHVRUKDQGOLQJ OHDGV
WRKLJKUHVRXUFHUHTXLUHPHQWV,QDGGLWLRQWKHPDUNHWVWUXFWXUH
LQ WKH ILHOG RI 60$V LV FKDUDFWHUL]HG E\ D KLJK GHJUHH RI
IUDJPHQWDWLRQ EHVLGHV D IHZ ODUJHVL]HG HQWHUSULVHV
1HYHUWKHOHVVSRVLWLRQLQJRQVLQJOHVWHSVRIWKHYDOXHFKDLQIRU
60( LV SURPLVLQJ LI WKH 60( LV KLJKO\ VSHFLDOL]HG LQ
FRPSRQHQWVRI WKH60$$6&RPSDQLHVZKLFKDUHDFWLYH LQ
WKHILHOGRI60$VRUZDQWWREHFRPHDFWLYHVKRXOGH[WHQGWKHLU
FRPSHWHQFHDQGEXLOGWUXVWZLWKSRWHQWLDOSDUWQHUVVWDUWLQJZLWK
SURMHFW QHWZRUNV /DWHU W\SHV RI QHWZRUNV DUH HYROXWLRQ
QHWZRUNVRURQORQJWHUPDPHUJHURIWKHLQYROYHGSDUWQHUV
7R FUHDWH FXVWRPHU YDOXH WKH H[DFW NQRZOHGJH DERXW
FXVWRPHUQHHGVLVHVVHQWLDO)RUWKLVUHDVRQLWLVQHFHVVDU\WR
HVWDEOLVKDNH\DFFRXQWPDQDJHPHQWRUFXVWRPHUUHODWLRQVKLS
PDQDJHPHQW WKDW LV WKHRQHSRLQWRIFRQWDFWDQGRQHIDFHWR
WKHFXVWRPHU IRU WKH FXVWRPHU 7KH .$0 VKRXOG EH
UHVSRQVLEOH IRU FRRUGLQDWLQJ DOO DFWLYLWLHV RI D FRPSDQ\ RU
QHWZRUN 7KH &50 VKRXOG HYDOXDWH WKH LQIRUPDWLRQ RI WKH
60$$6DQGLPSRUWDQWFXVWRPHUGDWD0RUHRYHULWVKRXOGEH
FDSDEOHWRLGHQWLI\WKHFXVWRPHUQHHGVDQGWRFRQVLGHUWKHPLQ
VHUYLFHGHOLYHU\,QWKLVFRQWH[WWKHNQRZOHGJHRIWKHFXVWRPHU
SURFHVVHVLVFULWLFDO
7KH ODUJH QXPEHU RI LQIRUPDWLRQ UHTXLUHG DQG LQYROYHG
IXQFWLRQV RU EXVLQHVV SDUWQHUV WR SURYLGH VHUYLFHV UHTXLUHV
HIILFLHQWSURFHVVHVWKDWSUHYHQWUHGXQGDQF\DPRQJRWKHUV7R
KDYH HIILFLHQW LQWHUQDO SURFHVVHV DQG EH DEOH WR SURYLGH
FXVWRPL]HG VROXWLRQV D3/0 LV UHTXLUHG 6LQFH WKH GDWD IRU
WKHVH 60$$6 DUH VHQVLEOH FURVV FRPSDQ\ GDWD H[FKDQJH
UHTXLUHVDKLJKOHYHORIWUXVWEHWZHHQEXVLQHVVSDUWQHUV
5HJDUGLQJ FRQWUDFWV LW KDV WR EH GLVWLQJXLVKHG EHWZHHQ
FRQWUDFWV ZLWK WKH FXVWRPHU DQG FRQWUDFWV ZLWK EXVLQHVV
SDUWQHUV)RUERWKW\SHVRIFRQWUDFWWKHIROORZLQJSRLQWVKDYH
WR EH FDUHIXOO\ GHILQHG UHVSRQVLELOLWLHV DQG OLDELOLWLHV ULVN
GLVWULEXWLRQDVZHOODVGXUDWLRQ,QDGGLWLRQIRURWKHUEXVLQHVV
SDUWQHUV NQRZOHGJH VKDULQJ UHYHQXH GLVWULEXWLRQ UXOHV IRU
QHZQHWZRUNSDUWQHUVDVZHOODVFRQWUDFWXDOSHQDOWLHVQHHGWR
EHFRQVLGHUHG
)LQDOO\ D FKDQJH LQ WKH PDUNHWLQJ DSSURDFK LV
UHFRPPHQGHG7KHIRXU3V3ULFH3ODFH3URGXFW3URPRWLRQ
VKRXOGEHH[SDQGHG WRVHYHQ3V LQFOXGLQJSK\VLFDO IDFLOLWLHV
SHUVRQDO DQG SURFHVV PDQDJHPHQW 7KH ODVW WKUHH 3V DUH
VXLWDEOH IRU VHUYLFHV >@ 7KLV ODVW WKUHH 3V IRFXV RQ PDMRU
FRPSRQHQWV IRU WKH FUHDWLRQ RI FXVWRPHU YDOXH DQG IRU
SURYLGLQJDVROXWLRQ3HUVRQQHO IRUH[DPSOHHPSKDVL]HV WKH
LPSRUWDQFHRIFXVWRPHUVXSSRUWE\WKHNH\DFFRXQWPDQDJHU
DQGSURFHVVPDQDJHPHQWFRQVLGHUVWKHLPSRUWDQFHRISURFHVVHV
LQGHOLYHULQJWKHVROXWLRQ
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5. Conclusion and Outlook 
7KHSDSHUKDVKLJKOLJKWHGPDLQWHQDQFHSURFHVVHVWRSURYLGH
YDULRXVEXVLQHVVPRGHOVEDVHGRQVLPSOH60$$660$$6
FDQKHOSFRPSDQLHVWRRIIHULQGXVWULDOSURGXFWVHUYLFHV\VWHPV
DQGWKXVEHDEOHWRGLIIHUHQWLDWHWKHPVHOYHVIURPFRPSHWLWLRQ
&XUUHQWO\60$VDUHYHU\NQRZOHGJHLQWHQVLYHGXHWRDODFNLQ
VWDQGDUGL]DWLRQDQGWKHORZOHYHORIDZDUHQHVV7KLVOHDGVWR
KLJKUHVRXUFHUHTXLUHPHQWV)RUFRPSDQLHVZLWKH[SHULHQFHLQ
WKHILHOGRI60$VWKLVLVDQDGYDQWDJHRYHUWKHFRPSHWLWLRQDV
WKLVLVDFUXFLDOPDUNHWHQWU\EDUULHU5HJDUGOHVVRIWKHOHYHORI
H[SHULHQFH RI D FRPSDQ\ ZLWK 60$V WKH PDUNHW VWUXFWXUH
SUREDEO\UHTXLUHVFRRSHUDWLRQEHWZHHQFRPSDQLHVLI,366DUH
RIIHUHGZKLFKDUHEDVHGRQ60$V
$OWKRXJK WKH SURFHVVHV VKRZQ KDYH EHHQ GHYHORSHG DQG
WHVWHGE\DGHPRQVWUDWLRQV\VWHPIXUWKHUVWXGLHVDUHQHHGHG,Q
SDUWLFXODUIXUWKHUVWXGLHVVKRXOGIRFXVRQWKHSUHGLFWDELOLW\RI
IDWLJXH DQG WKH IXQFWLRQDOLW\ RI WKH VHOIVHQVLQJ IRU YDULRXV
SDUDPHWHUVOLNHYDULRXVZLUHVRUKHDWWUHDWPHQWV,QYHVWLJDWLRQV
VKRXOGEHGRQHDERXWWKHDELOLW\RIUHJHQHUDWLRQRI60$V,Q
WKLVFRQWH[WUHTXLUHPHQWVDQGOLPLWDWLRQVDUHRIKLJKLQWHUHVW
)XUWKHUPRUH WKHGHYHORSPHQWRI ORZFRVWHOHFWURQLFVZKLFK
KDV RQO\ WKH UHTXLUHG LQWHUIDFHV FDQ ORZHU FRVWV DQG WKXV
H[SDQGWKHSRVVLEOHDSSOLFDWLRQV2IFRXUVHDORQJWHUPWHVWRI
60$$6XQGHUUHDOFRQGLWLRQVLVQHFHVVDU\
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